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We report laser ooling of fermioni
40
K atoms, with tem-
peratures down to (155) K, for an enrihed sample trapped
in a MOT and additionaly ooled in optial molasses. This
temperature is a fator of 10 below the Doppler-ooling limit
and orresponds to an rms veloity within a fator of two
of the lowest realizable rms veloity (3.5v
re
) in 3D optial
molasses. Realization of suh low atom temperatures, up to
now only aessible with evaporative ooling tehniques, is an
important preursor to produing a degenerate Fermi gas of
40
K atoms.
Ultraold dilute vapours of alkali atoms have proven to
be favourable media for studying quantum degeneray in
bosoni atoms suh as
87
Rb,
7
Li and
23
Na [1{3℄. One
of the next major goals in this new eld is to realize a
degenerate Fermi gas of atoms, in whih weakly interat-
ing fermioni atoms are trapped in quantum degenerate
states.
Among the various stable alkali isotopes, the only
fermioni atoms are the weakly abundant isotopes
6
Li
(7.4%, I=1) and
40
K (0.012%, I=4). In the ase of
6
Li,
laser ooling is restrited by the large photon reoil velo-
ity and the unresolved exited-state hyperne splittings
to temperatures of the order of 1 mK [4,5℄. The bosoni
isotopes of potassium,
39
K and
41
K, also have small
exited-state (4
2
P
3=2
) hyperne splittings, and laser ool-
ing has thus far been restrited to temperatures lose to
the Doppler-ooling limit of 150 K [6,7℄. Fermioni
40
K,
on the other hand, has a moderately large and, more im-
portantly, an inverted 4
2
P
3=2
hyperne splitting (Fig.1),
whih should permit the use of large red detunings and
hene might be expeted to allow eÆient sub-Doppler
laser ooling, in muh the same way as for
23
Na.
Preliminary laser-ooling studies using a natural abun-
dane sample of potassium gave an initial indiation of

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temperatures down to about 50 K [8℄, providing possi-
ble evidene of sub-Doppler ooling of
40
K. Reent work
[9℄ using an enrihed sample of potassium (5%
40
K)
yielded laser-ooling temperatures of about 150 K in
a "Doppler-ooling stage" (in whih the trapping light
was swithed loser to resonane). This was followed by
an evaporative ooling stage that yielded temperatures
down to 10 K by s-wave ollisions using mixed spin
states and 5 K by p-wave ollisions using spin-polarized
atoms.
In this paper we report the results of a systemati
study of laser ooling of
40
K atoms in optial molasses
and demonstrate that temperatures down to 15 K, i.e.
about an order of magnitude below the Doppler limit,
an be reahed with pure optial ooling.
FIG. 1. Energy level sheme of the hyperne struture of
the D
2
transition of
40
K. The ooling and repumping frequen-
ies for magneto-optial trapping and ooling are generated
by a single Ti:Sa laser, while the probe frequeny is provided
by a diode laser.
The experimental arrangement is basially the same as
that desribed in our preliminary investigation [8℄, but
with some improvements. We now use an enrihed sam-
ple of
40
K atoms (3%
40
K), whih permits up to 10
4
times more atoms to be loaded into the magneto-optial
trap; we use a home-made titanium:sapphire laser whih
is pumped by a low-noise 10 W doubled Nd:YVO
4
laser
(Millenia X, Spetra Physis), and has the apability of
1
yielding linewidths below 100 kHz; we determine the tem-
perature of the atoms by a time-of-ight (TOF) absorp-
tion tehnique, whih is muh more aurate at low tem-
peratures than the release-and-reapture method used
previously.
Potassium-40 atoms are aptured and ooled diretly
from an atomi vapour in a standard magneto-optial
trap (MOT) using the F=9/2! F
0
=11/2 yling hyper-
ne transition of the 766.7 nm line in a standard six-
beam 
+

 
onguration. A repumping laser beam de-
rived from the laser ooling beams is tuned to the F=7/2
! F
0
=9/2 hyperne transition (see Fig.1). The atoms
are then further ooled for 4-10 ms in an optial mo-
lasses stage with the magneti eld of the MOT swithed
o and the trapping laser swithed to detunings up to
=-7   (where  =26.2 MHz) and intensities down to
about 3 I
sat
(where I
sat
=1.8 mW m
 2
).
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FIG. 2. Frequeny san of the atomi absorbtion due to the
F=9/2 ! F
0
=11/2, 9/2, 7/2 hyperne triplet from a sample
of laser-ooled
40
K atoms in the MOT.
The total number of
40
K atoms in the MOT is esti-
mated from measurements of the intensity of light emit-
ted by the atoms. The number density of atoms in
the MOT is also determined, by measuring the atomi
absorption of a weak, narrow-band diode-laser probe
beam tuned to the F=9/2 ! F
0
=11/2 transition. From
a knowledge of the size of the trap, ross heks are
made against the total number of atoms in the MOT.
A frequeny san of the atomi absorption signal for the
F=9/2 ! F
0
=11/2, 9/2, 7/2 hyperne triplet from a
sample of laser-ooled K atoms in the MOT is shown
in Fig.2. With the trapping laser beams detuned =-
3   to the red of resonane, up to 10
8 40
K atoms are
estimated to be aptured in a volume of diameter about
1.5 mm. This orresponds to a density of
40
K atoms of
about 10
10
m
 3
. The MOT loading time is around 3 s.
Time-of-ight (TOF) absorption signals are reorded us-
ing a weak, thin (0.5 mm) sheet of narrow-band, diode-
laser light tuned to the F=9/2! F
0
=11/2 transition and
positioned 15 mm beneath the MOT. The atom temper-
atures are determined by tting theoretial urves to the
TOF absorption data.
A time-of-ight absorption signal for atoms released
diretly from the MOT is shown in Fig.3(a). For a typ-
ial laser-atom detuning of =-3   and trapping laser
intensity of about 17 I
sat
, whih are required to optimize
the loading proess, the temperature of potassium atoms
in the MOT is already down to (875) K, prior to ool-
ing in optial molasses. The temperature an be further
redued to approximately 60 K, by lowering the laser
intensity. This result onrms our preliminary estimate
of the
40
K atom temperature in a MOT [8℄, whih was
determined using the release-and-reapture method.
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FIG. 3. Time-of-ight signals from old
40
K atoms, as de-
teted in absorption by a weak sheet of light. In (a) the atoms
are falling diretly from the MOT, loaded with a trapping
laser detuning =-3   and intensity of 17 I
sat
. In (b), the
atoms have experiened an additional molasses phase (4 ms)
with parameters =-6.6   and I=4 I
sat
; two dierent veloity
lasses are present, yielding dierent temperatures.
To ahieve even lower temperatures, we have explored
the eet of additional ooling in an optial molasses
2
stage with the magneti eld of the MOT swithed o
and the trapping laser suddenly swithed to larger laser-
atom detunings and lower laser intensities. Fig.3(b)
shows the TOF absorption signal reorded after ooling
the atoms for 4 ms in optial molasses at a detuning of
=-6.6   and laser intensity of about 4 I
sat
. We notie
the presene of two distint veloity lasses in the atomi
loud: a t to the narrow omponent yields an atom
temperature of (155) K, while the broad omponent
orresponds to (22515) K. The TOF signal shown in
Fig.3(b) represents the sum of 10 onseutive reordings,
and the unertainty in the temperature is due mainly to
the auray of the tting proedure. We estimate possi-
ble orretions for the trap size and probe beam thikness
to be negligibly small.
The temperature of the narrow veloity omponent
((155) K) is a fator of ten below the Doppler-ooling
limit for
40
K and orresponds to an rms atom veloity of
9.7 m s
 1
, or 7.5 times the single-photon reoil veloity,
v
re
=1.3 m s
 1
. This is within a fator of about two of
the lowest realizable rms veloity ahievable in 3D optial
molasses [10{12℄. We speulate that the broad ompo-
nent an arise from K atoms that aren't suÆiently old
at the time of swithing from the MOT to the optial
molasses to experiene sub-Doppler fores; i.e. the ve-
loities of the atoms at the end of the MOT stage are
outside the sub-Doppler veloity apture range as deter-
mined by the values of the laser-atom detuning and laser
intensity during the molasses stage. As a result, this lass
of atoms an experiene only Doppler fores, whih lead
to even higher temperatures than those ahieved in the
MOT. Similar bimodal veloity distributions have pre-
viously been observed in early experiments on atomi
sodium [13℄. As onrmation of this possible explana-
tion, the broad omponent was observed only for large
values of the laser-atom detuning (-5   to -7  ), while
for small detunings only the old omponent was dis-
ernable. In priniple, it should be possible to redue the
broad bakground omponent by adiabatially hanging
the detuning and the intensity of the ooling laser at the
start of the optial molasses stage.
As usually found in optial molasses, the ooling eÆ-
ieny was strongly dependent on a good balaning of the
laser beams, and in nulling any residual magneti eld.
Fig.4 shows a typial dependene of the atom temper-
ature on laser-atom detuning for a range of detunings.
As the detuning is inreased from =-2   to -6  , the
temperature of the atoms is redued from about 70 K
to about 20 K. A similar behavior is observed when
the laser intensity is redued from about 15 I
sat
down
to about 3 I
sat
. The number of old atoms in the op-
tial molasses, as determined from the area under the
TOF signal, is found to derease with the atom temper-
ature when reduing the laser intensity or inreasing the
laser-atom detuning. We have observed a drop by almost
an order of magnitude when the temperature is lowered
from 70 K to about 20 K, and for intensities lower than
3 I
sat
and detunings larger than -7   we were unable to
distinguish the TOF signal from the noise. As mentioned
in the earlier disussion, we antiipate we should be able
to redue the loss of old atoms by adiabatially hanging
from the MOT to the optial molasses.
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FIG. 4. Typial behaviour of the atomi temperature as a
funtion of the detuning of the ooling molasses beams, for
I=3 I
sat
and =-2 to -6  , for a molasses phase lasting 5 ms.
In summary, sub-Doppler laser ooling, with temper-
atures down to about 15 K, have been realized for
fermioni
40
K atoms ooled in optial molasses. This
temperature is a fator of 10 below the Doppler-ooling
limit and orresponds to an rms veloity within a fator
of two of the lowest realizable rms veloity (3.5 v
re
)
in 3D optial molasses. We note that up to now the
temperature range we have aessed with laser ooling
had been reahed only by means of more omplex evap-
orative ooling tehniques [9℄. On the other hand, these
temperatures should provide an exellent starting point
for implementing evaporative ooling to obtain the very
low temperatures likely to be required for produing a
degenerate Fermi gas of
40
K atoms. Alternatively, suh
temperatures should also provide a suitable environment
for onning
40
K atoms in an optial dipole trap for fur-
ther studies, suh as those on ollisional properties at low
temperatures. Eventually, even in suh trap one ould
exploit additional ooling methods to inrease the phase-
spae density towards degeneray.
Although the observed temperatures are lose to the
limit imposed by the photon reoil, we antiipate that in
future it should be possible to realize even lower temper-
atures for
40
K by improving the eÆieny of polarization
gradient ooling, for example, by further optimization of
the laser-atom detuning, laser intensity and stray mag-
neti elds; by adiabatially hanging the detuning and
intensity of the ooling laser at the start of the optial
molasses stage; and by using optial molasses with beams
having linear 
x

y
polarizations instead of 
+

 
polar-
izations [12℄. Suh improvements ould also prove to be
3
useful in inreasing the eÆieny of the molasses in ool-
ing a large number of atoms.
Besides being able to be ooled to low temperatures,
fermioni K has a number of other harateristis that
makes it an attrative andidate for studying quantum
degeneray. Potassium-40 atoms in the jF=9/2,m=9/2i
state are known to have a large positive triplet satter-
ing length, both for p-wave elasti sattering between
like spin states and for s-wave elasti sattering between
mixed spin states [9,14℄. Thus p-wave sattering, whose
ross setion sales quadratially with energy, should al-
low evaporative ooling to proeed at temperatures down
to about 20 K [9℄, while s-wave sattering between
mixed-spin states should allow evaporative ooling to
the very low temperatures (1 K [15℄) likely to be
required to reah quantum degeneray. Also, owing to
the inverted ground hyperne struture in
40
K (Fig.1),
ertain spin-exhange ollisions, for example, between
the jF=9/2,m=9/2i and jF=9/2,m=7/2i states and also
hyperne-hanging ollisions, are energetially forbidden
at low temperatures [14℄. Finally, the ground hyperne
states F=9/2, 7/2 of
40
K have rih Zeeman struture,
with nine low-eld seeking spin states (in the high-eld
I-J deoupled limit) that are magnetially trappable [14℄.
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